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For this material, at least, there is no relation between the volume of a cell and the rate at which it divides. In larger cells, the amount and rate of cell expansion, from the time when a new daughter cell is formed until this cell is ready to divide again, is evidently greater than in smaller cells. Whether this increase is in protoplasm or only in the size of the vacuole is not known.
Rate of cell division seems to be determined by some factor independent of cell size and operative throughout the entire organ.
1 Sinnott, E. W., Amer. Jour. Bot., 26, 179 (1939 In the twenty-five years of genetic research, since hybrid vigor was put on a Mendelian basis,9 additional evidence has accumulated from many sources that contributes toward a further solution of this problem. While much of this new information confirms the original hypothesis an important situation is brought to light which was not fully visualized in the early days of genetic investigation and shows where additional information is needed both for a more complete understanding of the principles involved and for the best application of hybrid vigor to practical breeding.
Both Shull and East showed clearly that the greatest vigor, generally, is exhibited when germinal heterogeneity is at the maximum. When this diversity is reduced by Mendelian recombination vigor is lost. The phrase "stimulus of heterozygosis" was contracted to the word "heterosis" by G. H. Shu1123 (1914 and was considered by Shull, East and other investigators at this time to be something additional to the normal expression of hereditary characters. They assumed that it could not be fixed and would therefore never be exhibited by organisms when in the homozygous condition. An interaction of diverse nuclear elements within an unfamiliar cytoplasm was postulated by A. F. Shull22 (1912) as a possible contributing factor, based on evidence from rotifers. A revised form of the original hypothesis was put forth by East6 (1936) which assumed an interaction between diver-gent alleles. Evidence for this he found in segregating progenies of Nicotiana where few gene differences were involved. There was marked skewness in the frequency distributions of size characters but the extreme plus variants were impossible to fix whereas less difficulty was encountered in stabilizing minus variants. Allelic differences in the heterozygous condition in Nicotinana have shown a variation from each parental type that under cortain conditions might be advantageous10 (Jones, 1921 Randolph'8 (1942) has found that tetraploid maize heterozygoes are relatively more vigorous than tetraploid homozygotes and this may be good evidence for an interaction between dissimilar genes. But it may also be simply an abnormal situation in which the weaker homozygotes are at a disadvantage while the much more vigorous heterozygotes are not.
From all the evidence at hand homozygous organisms are as well able to live as heterozygous forms and there is no necessity to assume any inherent physiological advantage in germinal association of dissimilar elements, in itself, for which the term, heterosis, was originally devised. The word continues to be used and has become practically synonymous with hybrid vigor. A third of a century of biological research has failed to bring forth any clear evidence in support of the stimulation theory. On the other hand, there is much new evidence to show that dominance and an accumulation of favorable heredity are the principal factors involved.
When naturally cross-fertilized organisms are inbred many defective and abnormal individuals are brought to light as is well known. Natural selection removes most of these and in any breeding program they are always selected away from unless valued for some particular purpose. Inbred VOL. 28, 1942 progenies after these defective and subnormal individuals are eliminated are still much reduced in size and in ability to grow and to reproduce. This is particularly true in maize, many other naturally cross-fertilized plants and nearly all domesticated animals. When unrelated inbred families are interbred there is an immediate rise in the growth level. The elimination or suppression of these visible abnormalities apparently has little to do with this phenomenon. This has led East6 (1936) to say that "the elimination of deleterious recessives is of little importance in practical breeding and of no consequence whatever in the solution of the problem (of heterosis)."
This statement may be true for the defective genes that have a visible effect and can be eliminated but it is certainly not true for the non-visible defectives that are wide-spread in all cross-fertilized organisms and cannot be eliminated entirely by any method of selection now known. Heretofore their number and importance have not been appreciated. They can be detected only in favorable material when studied in such a way as to separate their action from that of all the remaining inherited complex, as recent investigations show clearly.
Many deficient loci in the corn chromosomes remain after long-continued inbreeding has eliminated the visible defectives. They exist in the homozygous condition but do not produce any distinct effect and are not as yet classified as Mendelian genes. They are similar in action to the visible defectives in that they reduce or slow physiological activity. In the longcontinued self-fertilized lines of corn grown at the Connecticut Agricultural Experiment Station for more than 30 years, changes have taken place that delay flowering of certain progenies without otherwise altering their size. Other transmissible alterations reduce the size of the ear and height of the plant. None of these segregate clearly and the effects of any one are so small that they have been overlooked up to the present time.
Radiation experiments with many organisms show that chromosomes are frequently made deficient in the ability to transmit normal growth. Beadle and Tatum' (1941) irradiated the fungus, Neurospora, and found strains that lack the ability to produce certain growth-promoting substances. When chromosomes are broken and rearranged there is frequently a reduction of normal efficiency accompanying the break. While the evidence is far from complete it seems probable that many breaks, both natural and induced, reunite in the original arrangement but with various degrees of deficiency or derangement at the place of rupture. Whether the alteration precedes or follows the break is not important for the problem at hand. In Drosophila, collected from the wild, Dobzhansky and Queal2 (1938) determined that about 39 per cent of the third chromosomes have loci that reduce viability below normal as compared with 2 per cent that raise it, and 3.5 per cent with visible external effects. Spencer24 (1942) calculates that one detectable mutant is present in the heterozygous form in about every four flies tested, varying somewhat in different species. This situation is probably the same, to a greater or less degree, in all naturally cross-fertilized organisms.
In naturally self-fertilized plants any hybrid vigor effect must be added to an already high level of productiveness. In plants like maize that are markedly reduced by inbreeding, the invigorating results of crossing are much more apparent. The extensive program of corn improvement by crossing inbred strains which has given such notable practical results in recent years has also brought forward evidence of much theoretical import. Well over 25,000 inbred strains of corn have been produced. Out of these, several hundred have been selected and are being used in the commercial production of hybrid corn in all parts of the country. The production of even the best of these inbreds does not exceed, and seldom approaches, 50
per cent of the yield of the original variety from which they were derived.'3 (Lindstrom, 1939) . The few inbreds which are most widely used are not the most productive. In fact, some are so weak and unproductive that inbred seed cannot be produced regularly in those sections where their hybrids are most commonly grown. Many investigations have shown clearly that the ability to transmit yield is not closely correlated with characters visible in the inbreds.
Any two of these selected inbreds, if they are unrelated, can be crossed to give a marked increase in size of plant and yield of grain. Not all combinations have been tested but a sufficiently large sample has been tried to show that heterosis is practically universal among them. Some combinations are much better than others. In fact, the inbreds themselves are largely selected for their ability to give valuable hybrids. All of the hybrids are either within or close to the normal range of 80 to 120 per cent of the yield of the original varieties from which the inbreds were derived, well out of the 20 to 40 per cent range that the inbreds themselves are in. Any one of these-A, B, C and so on-can be crossed to give a vigorous hybrid. Since inbred B combines with inbred C to give as good a hybrid as A and B or A and C then B and C must differ from each other as much as A does from B or C. Similarly it is evident that A differs from D, E and so on down the list of hundreds of inbreds. No limit is in sight to the number of homozygous inbreds all of which differ from each other in whatever it is that makes up the major heterotic effect.
Not only do all combinations of two inbreds behave in this way but also all combinations of three and four or more. Just as in the single crosses, having two inbred parents, many double crosses, with four inbred parents, are better than others using the same inbreds but these differences are of an entirely different order of magnitude than the differences between inbreds and hybrids. In their range of variation in yield, inbreds and hybrids of the same maturity season seldom meet and even when they overlap the individuals of each group clearly fall into two distinct frequency distributions11 (Jones, 1922) . The coefficients of variability for weight of grain per plant, which sums up the ability of the plant to grow and is a measure of reproductive ability, are seldom significantly more for double crosses than for single crosses. The importance of this fact has not been fully recognized.
In the combination of A B X C D, bringing together four inbreds by successive crosses, every combination of chromosomes from none of A and all of B to all of A, and none of B unite in fertilization with ten chromosomes of C and D origin similarly assorted. Not only are the chromosomes shuffled as units but they are also taken apart and reassembled piece by piece down to the smallest amounts of each chromosome that can be separated by normal crossing over. In the 32,000,000 acres of double-crossed corn grown in the United States in 1941, a large sample of every possible combination of chromosome parts from the original inbreds has been taken. The astounding fact that practically every one of these plants, when given suitable conditions in which to grow, is normally vigorous and productive, proves beyond doubt that every seriously defective locus in any part of the chromosome complex is prevented from having an appreciable effect. This extraordinary situation points clearly to the fact that there are an enormous number of loci where loss or derangement may occur.
After inbreeding, the lethals and the most serious defectives are automatically eliminated. The resulting inbred strains, as far as they can survive, are reduced to the inbred level of vigor. Their position within the range of variation, possible at this level, depends upon the number and nature of their invisibly defective loci, to a large extent, irrespective of the potentially good heredity they may carry.
When unrelated inbreds are crossed practically all defective loci are covered by normal alleles. Complete or nearly complete dominance is shown. Visibly defective genes have been tested and shown to have little or no effect on yield in the heterozygous condition.'2'16 (Jones and Singleton 1935; Mangelsdorf, 1926) . If differences between heterozygous and homozygous normals do exist they are small and of little consequence.
With their defective loci covered the heterozygotes are lifted from the inbred to the crossbred level of vigor. As long as these defects are kept covered, crossbred individuals are restored to a condition that is comparable to that shown by naturally self-fertilized plants. In this condition their normal heredity has a chance to operate. On this plane of normal growth the inheritance determines height of plant, diameter of stalk, time of flowering and maturity, heat and cold tolerance, resistance to insects and diseases, and so forth. In other words, the plants respond to the interaction of all those qualitative and quantitative characters that are governed by the many complementary, duplicate, cumulative and inhibiting genes that have been studied in many plants and animals. Some of these show dominance and some do not. Genes that reduce or inhibit large size and most rapid growth are known. All of these working together determine the position of the hybrid individual within the range of variation at the normal level.
Many genes promoting the most efficient growth and reproductive ability are at least partially dominant. Robbins20 '21 (1940, 1941) 28, 1942 they combine well with nearly all other strains they undoubtedly have good heredity but this is prevented from expressing itself because something essential is missing. All other inbreds apparently have what these good combiners lack. The fact that any part of the chromosome structure of one inbred can substitute for the homologous part from almost any other inbred shows that the mechanism must be fundamentally alike within the species. Only comparatively minor derangements keep the chromosomes from functioning at full efficiency. This renders improbable the necessity of assuming extensive differences in germinal construction. Otherwise many combinations would fail to give normal growth.
For the practical breeder the maintenance of homozygous inbred lines is a matter of serious concern. The possibility of continued production of degenerative loci must be guarded against by progeny testing or valuable lines will be lost or reduced to such a low level of vigor that they can be.used only with difficulty. For theoretical genetics it is worth while to note that there is the possibility of continued degeneration. This takes place in crossbred as well as in inbred families and has nothing to do with inbreeding but is more apparent after consanguineous mating and more quickly eliminated. The prevention of chromosome degeneration and the elimination of defective loci after they are formed, in organisms not exposed to rigorous natural selection, is one of the major biological problems of the future.
1 Beadle, G. W., and Tatum, E. L., Proc. Nat. Acad. Sci., 27,499-506 (1941).
